Helicobacter pylori infection is believed to be associated with most cases of gastric and duodenal ulcer disease, gastritis, and possibly also gastric cancer (7, 11, 15) . This bacterium colonizes the mucus layer, the surface epithelium, and the secretory canaliculus of parietal cells (16, 18) .
The stomach lumen pH averages about 1.4 over a 24-h period (18) . It has been suggested that the low permeability of the gastric mucus and the secretion of HCO 3 Ϫ can raise the pH of the surface epithelium to near neutrality. However, calculations show that HCO 3 Ϫ secretion can neutralize the epithelium only if the bulk pH is 3 or greater (5, 6) , and it is hard to see how an aqueous gel, such as the gastric mucus, could significantly restrict H ϩ diffusion. H. pylori secretes urease, which can raise the pH by NH 3 production, but this activity is unlikely to generate full neutrality (1) , and the fact that urease is necessary for colonization (4) could be due to other potential roles for this enzyme (3). Therefore, H. pylori is likely to encounter significant acidity both upon initial introduction into the stomach and after colonization.
These considerations raise the possibility that this bacterium possesses the ability to generate transmembrane ionic gradients, which are a necessary and unique attribute of bacteria capable of growth under strongly acidic conditions. A fundamental requirement for existence in such environments is the generation of a large pH gradient (⌬pH) to maintain the cytoplasmic pH (pH i ) at near neutrality and safeguard the acidlabile cell constituents. A positive-inside membrane potential (⌬) should, moreover, be generated to mitigate the force against which protons must be extruded. Finally, cells must possess a proton motive force (⌬p) of sufficient magnitude to satisfy the thermodynamic constraints of coupling with ATP synthesis, nutrient uptake, and other vital cell functions energized by this force (2, 9, 12, 13, 20) . This possibility was tested in this work.
H. pylori [ATCC(R) 43504] was grown in modified brucella broth as previously described (8) . Culture purity was checked by biochemical tests, streaking, and electron microscopy which revealed characteristic ultrastructural features (19) . The two components of ⌬p, i.e., ⌬pH and ⌬, were measured by flow dialysis (9, 12, 17) . To accommodate the microaerophilic characteristics of H. pylori, the upper chamber of the flow dialysis apparatus was modified so that the appropriate gas mixture (8) could be maintained in this chamber. ]salicylate more than 800-fold (Fig. 1A) . This corresponds to a pH i of 6.2 and a ⌬pH of 3.2 units (Ϫ193 mV by the Nernst equation conversion factor [13, 17] ). The salicylate concentrated inside the cells was largely released by the addition of the protonophore CCCP. Protonophores collapse proton gradients (9) , and the fact that CCCP addition released most of the transported probe established that the measured ⌬pH was not an artifact of nonspecific probe binding to cellular constituents (9, 12, 17 (Fig. 1B) , indicating the presence of a positive-inside ⌬ with a magnitude of ϩ81 mV. The addition of CCCP resulted in a transient increase in the potential difference to up to ϩ97 mV. This behavior is typical of organisms maintaining a large inward pH gradient and arises from the rapid influx of H ϩ induced by the protonophore under these conditions (2, 12) . As the pH gradient collapsed after CCCP addition (Fig. 1A) , the potential difference declined (Fig. 1B) . Thus, the ⌬p at pH o 3.0 was composed of a large inwardly directed pH gradient (Ϫ193 mV) partially counterbalanced by a positive-inside (ϩ81 mV) ⌬. The total ⌬p was therefore Ϫ112 mV at this pH o .
For comparison, these parameters were measured at two additional pH o values. At pH o 7, no uptake or exclusion of salicylate occurred, indicating the absence of a ⌬pH, which was confirmed by the fact that CCCP addition had no effect (Fig.  1C) . In contrast, [
H]TPP
ϩ was taken up by cells, corresponding to a ⌬ of Ϫ132 mV; this was fully collapsed by CCCP (Fig.  1D) . Thus, at a neutral pH, the ⌬p consisted entirely of ⌬ and had a value of Ϫ132 mV. At pH o 4.5, cells took up salicylate, corresponding to a pH i of 5.35 (⌬pH, 0.85 [or Ϫ54 mV]). KS 14 CN was excluded, but [ 3 H]TPP ϩ was taken up by cells, indicating a negative-inside ⌬ of Ϫ97 mV; this, too, was fully collapsible by CCCP (data not shown). Thus, H. pylori can maintain a ⌬p at pH o 3; this necessarily implies a capacity to actively extrude H ϩ (or some other ion) at this pH o . In contrast, non-acid-tolerant Escherichia coli (9) , grown in glucose-M-9 (10) or brucella broth, exhibited neither ⌬pH, ⌬, nor ⌬p after suspension for 2 h in pH 3.0 ␤-alanine (0.1 M) buffer. Measurement of ⌬p immediately upon the suspension of cells in pH 3.0 buffer also revealed a value of zero. We decided not to use another Helicobacter species as a control, since virtually nothing is known about the pH tolerance of this genus. Table 1 shows that the membrane gradients of H. pylori at pH o 3.0 are similar to those of Bacillus acidocaldarius and Acidiphilium facilis, which grow at this pH, and the gradients of all three differ drastically from that of E. coli, which cannot. Further, the magnitudes of the H. pylori gradients at pH values that permit its growth in vitro (7.0 and 4.5) resemble those in other bacteria that also grow at these pH values (E. coli and A. facilis, respectively). Thus, throughout the pH range of 3 to 7, H. pylori possesses the ionic gradient conducive to growth. Why the growth of this bacterium at a pH below 4.5 to 5.0 (8, 14) has not been observed in the laboratory is not known; perhaps further refinement of growth conditions would provide an answer.
The data suggest that the capacity to maintain in an acid environment the appropriate cellular ionic milieu and an energized-membrane state may contribute to the ability of H. pylori to colonize the stomach. If so, these ionic gradients, i.e., the large ⌬pH and the positive-inside ⌬, as well as the electron transport chain that can extrude ions in an acidic environment, would offer unique targets for the eradication of this bacterium. 
